Background: Colorectal cancer (CRC) and its precursor lesions are detected at an early stage by CRC screening programmes, which reduce CRC-related mortality. An important quality indicator for CRC screening is the occurrence of interval CRC (IC) between screening rounds. Currently there is no guideline regarding acceptable levels of ICs in CRC screening programmes, and ICs reported in prior work vary considerably. Methods: This study describes the occurrence of screen-detected (SD) CRC and non-screen-detected CRC within the population-based CRC screening programme of Flanders, stratified by multiple variables such as sex, age, tumour location and tumour stage between October 2013 and July 2017. In addition, faecal immunochemical test (FIT) IC proportions over the sum of SD-CRCs and FIT-ICs are calculated, together with FIT sensitivity and programme sensitivity to display the effectiveness of detecting CRC by the screening programme. Results: Of 1,212,354 FIT participants, 4094 were diagnosed with SD-CRC, whereas 772 participants were diagnosed with CRC between FIT-screening rounds. Significant associations were shown between people not being SD for CRC and women, older individuals, right-sided tumour location and more advanced tumour stage. Furthermore, a clear distinction was shown between the right-sided and the left-sided colorectum concerning all above-mentioned variables and distributions of tumour stages. Conclusion: The Flemish FIT-interval CRC proportion of 15.9% was within the limits of previously published results. In addition, calculations show that the effectiveness of the screening programme is dependent on tumour location, suggesting that future research should report results stratified by location.
Introduction
Worldwide, more than 1.8 million estimated new colorectal cancer (CRC) cases and 881,000 deaths occurred in 2018, accounting for about 1 in 10 cancer cases and deaths. 1 Between 2012 and 2018, both the incidence and the mortality for CRC increased; as for Europe, the estimated CRC incidence increased from 447,000 to 500,000 and the estimated mortality from 215,000 to 242,000. 1 Population-based CRC screening programmes have been implemented in multiple countries where the faecal immunochemical test for haemoglobin (FIT) is used most often, compared with other options. 2 These populationbased CRC screening programmes enable detection of precancerous lesions and CRC at an earlier stage and have been shown to reduce CRC-related mortality compared with no screening at all. 3 In Flanders (one of the three regions in Belgium), population-based CRC screening was initiated in 2013, 4 coordinated by the Flemish Centre for Cancer Detection (CCD), which sends out a biennial quantitative FIT to the screening-eligible target population by mail. The quantitative FIT (OC-sensor, Eiken Chemical Co, Tokyo, Japan), with a positivity threshold of 15 or more haemoglobin per gram of faeces (lgHb/g), was chosen as the screening test in Flanders. The quality control both of the FIT and the rest of the screening programme is reported elsewhere. 5 An important quality issue of population-based CRC screening programmes is the occurrence of interval cancer (IC), defined as a 'CRC diagnosed after a screening test or examination in which no cancer is detected and before the date of the next recommended examination'. 6 The effectiveness of CRC screening is directly dependent on the occurrence of ICs and is often reported as the IC proportion, calculated by the IC over the sum of both the ICs and screen-detected (SD) cancers. [7] [8] [9] Two notable, randomised controlled trials regarding CRC screening using the guaiac faecal occult blood test (gFOBT) showed a significant mortality reduction compared with no screening. 3, 10 However, the IC proportions over all SD-CRCs in the above-mentioned studies were 51.3% and 55.2%, providing evidence that ICs account for about half of CRCs diagnosed in populations screened biennially with the gFOBT. Because the FIT is considered superior over the gFOBT, studies started using the FIT and reporting ICs. The importance of investigating ICs became clear when several studies described varying FIT-IC proportions between 6.9% and 50.8% (24-month invitation interval and FIT-positivity thresholds between 10 and 80 lgHb/g). 7, 9, [11] [12] [13] In addition, ICs are associated with more severe outcome and reduced chances of survival, 9, 14 which is substantiated by the strong relation between tumour stage and survival. In Flanders (2011-2015) the five-year survival for CRC in the general population was 96% for tumournode-metastasis (TNM) stage I CRC compared with 19% for stage IV CRC. 15 Considering the 2018 article by Allemani et al., which shows an average five-year survival rate between 50 and 70% for CRC in the European Union, there is room for improvement by early detection. 16 In Belgium a unique linkage of screening data with Belgian Cancer Registry (BCR) data and reimbursement data related to diagnostic and therapeutic procedures from health insurance companies (HICs) is present. This makes it possible to evaluate SD and non-SD cancers in the target population in detail.
The aim of this study is to obtain a better understanding of non-SD-CRC which could reveal new information on potential limitations of the current screening method and how to tackle them in future.
Methods

Study cohort and definitions
The study population cohort consists of data from the Flemish population-based CRC screening programme, 4 including FIT participants and FIT non-participants between October 2013 and July 2017 who were subsequently diagnosed with CRC. CRC data provided by the BCR were available until incidence year 2016 at the time of analysis and provided information on incidence date, tumour location and stage. Stage was assessed by combining the clinical and pathological TNM staging. 17 For tumour location, the International Classification of Diseases for Oncology, third revision topography codes were used. 18 Primary tumours located in the caecum to the splenic flexure were coded as right sided, whereas tumours located from the splenic flexure to the rectum were categorised as left sided. Screening data from the CCD is recurrently linked with the BCR databases by a unique patient identifier to evaluate different quality indicators for screening according to European guidelines. 17 Alongside CRC and patient characteristics at the population level, the BCR collects all pathology results of colorectal specimens, regardless of diagnosis, merging them into a cyto-histopathological database (CHP) from 2008 onward. Additionally, CHP data are completed with reimbursement data related to diagnostic and therapeutic procedures from the HICs.
The CHP registry provided additional cancer data until July 2017, limited to tumour behaviour (invasive or in situ) and location together with data on normal or non-(pre)cancerous lesions and adenomas with or without a villous component. Differentiation between advanced and non-advanced adenomas is impossible because size and amount of lesions are not registered.
For the purpose of standardisation and future benchmarking, the IC definition of Sanduleanu et al. is used. 6 Because no centralised colonoscopy quality register exists in Belgium, results of colonoscopies are not available, and the reimbursement HIC data for colonoscopies are used to assess the date of subsequent colonoscopies after a positive FIT. A quality assessment of performed colonoscopies in Belgium is reported elsewhere. 19 Based on the delay between the dates of subsequent colonoscopies and CRC incidence, SD cancers could be distinguished from post-colonoscopy ICs. Definitions of SD-CRC and non-SD-CRC for this study are listed in Table 1 . For future comparison, this study also reports on non-invasive carcinoma (TNM stage 0, carcinoma in situ or CIS) separately from invasive carcinoma (TNM stage 1). 20 In case of multiple lesions, only the most advanced finding was included. For evenly advanced lesions on both sides of the colorectum, left-sided lesions were withheld.
According to the definitions in Table 1 , CRC data are necessary until 24 months after the FIT to determine SD-CRC and FIT-IC cases. Complete cancer stage data were available until the year 2016; the results related to the screening years 2015, 2016 and 2017 contain missing values with regard to tumour staging. Regarding the definitions, post-colonoscopy ICs are incomplete as well because a follow-up time of 10 years has not been reached yet.
Data analyses
The proportion of the FIT IC is calculated by the amount of FIT ICs relative to the sum of SD-CRCs and FIT ICs (1) . The sensitivity of the FIT is considered as FIT being positive when CRC is present (2), also called the detection method, 21 whereas the programme's sensitivity includes the colonoscopy non-responder CRC and post-colonoscopy IC to the calculations (3) as shown in Table 2 . The above-mentioned calculations were performed for the stratified variables location of tumour, distinguishing left-sided from right-sided and between CIS (TNM stage 0) and CRC (TNM stage 1), distinguishing between severity. Furthermore, time from FIT participation to CRC diagnosis is described, as is the screening round. The FIT non-participant CRC is not considered in the programme's sensitivity calculation nor in the odds ratio (OR) calculations because this group could consist of people with family history or CRC symptoms (which is currently unknown) because they are advised not to participate and would bias the calculations. Point estimates and confidence intervals (CI) of the ORs are calculated using Wald between not being SD and sex, age, tumour location and tumour stage. 22 Statistical significance is reached if the p value falls to less than .01. Missing values are assumed to be missing at Table 1 . Definitions of screen-detected (SD) CRC and non-screen-detected CRC.
Nomenclature Definition
SD-CRC CRC diagnosed within the Flemish CRC screening programme after a positive FIT (15 mg/g), within six months after first subsequent colonoscopy and before next recommended FIT invitation (24 months) Non-SD-CRC FIT interval cancer (FIT IC): CRC diagnosed after a negative FIT (<15 mgHB/g) and before the next FIT invitation (24 months) Post-colonoscopy interval cancer within a FIT screening programme: CRC diagnosed after a positive FIT (15 mgHB/g), more than six months after first subsequent colonoscopy and before recommended follow-up (10 years) Colonoscopy non-responder CRC: CRC diagnosed in participants who are screened positive by FIT but do not adhere to colonoscopy follow-up, and diagnosis is determined by other means than colonoscopy within two years FIT non-participant CRC: CRC diagnosed in individuals from the screening target population who did not participate within 10 years after first FIT invitation CRC: colorectal cancer; FIT: faecal immunochemical test. 
Results
Between October 2013 and July 2017, after respecting the exclusion criteria, 4 an average of 52% of the invited individuals participated in the Flemish CRC screening programme ( Figure 1 ). There were 4094 CRCs, 2999 CIS and 36,187 adenomas detected by FIT followedup by colonoscopy, whereas 8873 normal or non-(pre)cancerous findings were detected. Additionally, 6725 people who did not respond to their FIT invitation had a CRC diagnosis afterward ( Figure 1 ). Thus 10% (8873/88,875) of the participants with a positive FIT resulted in a normal or non-(pre)cancerous result. Figure 1 shows screening data combined with colonoscopy outcome data for the years 2013-2017. Next to the absolute values over this time period, the screening data are also shown as a yearly average to contextualise the screening numbers per screening round. Figure 2 shows the time between FIT participation and CRC diagnosis according to the different subgroups. SD-CRCs and colonoscopy non-responder CRCs were most frequently diagnosed within the first three months after the positive FIT. 5 A sensitivity analysis showed that 3% of the colonoscopy non-responder CRCs had had another FIT, 6% underwent a surgical intervention, 11% imaging (radiology or magnetic resonance imaging) and for the remaining 79% there were no data on examinations.
Although FIT screening detects many precursor lesions and CRCs, a significant number are missed. In Flanders, between October 2013 and July 2017, 772 CRCs were detected between a negative FIT result and before the next screening round was due. Sixtysix participants with a positive FIT and a negative colonoscopy follow-up were diagnosed with CRC six months after this colonoscopy. Furthermore, 185 participants were diagnosed with CRC after a positive FIT without a colonoscopy follow-up.
Regarding the odds of being SD (Table 3) , non-SD-CRCs are significantly more often diagnosed in women compared with men (OR 1.49) and in older age groups (1.38 and 1.71). Furthermore, right-sided tumours were at increased significant odds of not being SD (OR 2.14), and a trend was found between not being SD and tumour stage because advanced tumours were more likely to be missed by screening (OR 1.86 for stage II and OR 5.58 for stage IV).
When analysing tumour location according to the SD or non-SD categories, a clear difference in severity of the tumour is observed between the left-and the right-sided colorectum as illustrated in Figure 3 . Specifically, the right side compared with the left side is associated with a more severe outcome across every category.
Because tumour location is associated with not being SD, this is taken into account in the calculations of the FIT-ICs proportion, FIT sensitivity and programme sensitivity as shown in Figure 4 . Again, there is a consistent difference between the left-and right-sided colorectum with regard to missing CRC across all calculations. The proportion of FIT ICs compared with SD-CRCs is 24.8% of all invasive CRCs in the right-sided colorectum, which is almost double the 12.5% in the left-sided colorectum. This proportion would be 15.9% if location were not considered, Table 2 . Different calculation methods for screening accuracy. which it often is. In addition, if the CIS and the invasive CRCs are compared, the screening programme is more effective in detecting CIS than invasive CRC. The presented results suggest that if the combination of both the right-sided location and tumour stage of 1 or greater are considered, the FIT sensitivity could decrease even more ( Figure 4 ).
Proportion of FIT
Discussion
This study describes the occurrence and characteristics of SD-CRCs, FIT ICs, colonoscopy non-responder CRCs, FIT non-participant CRCs and to some extent post-colonoscopy ICs. When comparing the occurrence of CIS and CRC in FIT non-participants with the SD-CRCs in Figure 1 and Table 2 , the number of invasive CRC diagnoses are skewed toward the FIT nonparticipants (n ¼ 4094 vs n ¼ 4728, respectively). Participation in FIT screening in Flanders is 52%, which explains why many CRCs are detected outside the screening programme. Non-participation could be due to symptoms, family history, socioeconomic status 25 or a recent CRC diagnosis (possibly fast growing). The CCD information flyer underscores that individuals with symptoms or CRC family history (increased risk for CRC) should seek advice from their general practitioner instead of participating in the FIT screening. These possible reasons limit some of the calculations in this study because no correction in the FIT non-participant group for family history (generally 10% to 30% in the general population 26 ) or symptoms was possible. This advocates for the registration of family history of CRC and the presence of symptoms to check whether people do not adhere to the FIT for the correct reasons, although complying with FIT is always the preferred course of action for CRC prevention.
Sex was associated with not being SD in this study: Women had an OR of 1.49 (CI 99% 1.24-1.79) compared with men. Compared with other studies, this result is of interest because multiple studies report opposite or insignificant results, which for most prior work is probably explained by small sample sizes. 7, 9, 11, 27, 28 A Scottish CRC study, however, does agree with our findings regarding the difference in sex when comparing SD participants to interval CRC. 8 Although this latter study is based on the gFOBT, the authors strongly suggest that the stool-based approach is less sensitive for CRC in women compared with men, as our results suggest as well. With respect to age, our study found that older age was associated with not being SD. Most studies considering age did not find an associating trend because of reasons discussed previously or the binary use of age. 12, [27] [28] [29] However, another Scottish study agreed with our findings, with a significant trend regarding age. 7 Comparing studies in this way should be considered with caution because screening programmes and study protocols do not always adhere to the same inclusion criteria for screening, and differences in target population, FIT-positivity threshold, screening interval or CRC incidence exist. This problem is currently considered by monitoring ICs during screening and colonoscopy surveillance to facilitate benchmarking and comparison across studies and programmes. 30 Taking these considerations into account and comparing our FIT-IC proportion of invasive CRC of 15.9% with prior research using FIT (range: 6.9-50.8), 7, 9, [11] [12] [13] our results are consistent.
Regarding the location and severity of the detected tumour, the results indicate that a detected CRC on the right-sided colorectum is more advanced compared with the left and this severity increases even more in FIT ICs or in a FIT non-participant as seen in Figure 3 . Because the full follow-up length necessary for postcolonoscopy IC is not considered, the results concerning post-colonoscopy IC need to be interpreted with caution. Prior research shows variable results considering the stage distribution of CRC for SD-CRCs, FIT IC and post-colonoscopy IC, which are again caused by previously mentioned limitations. 7, 9, 12, 13, 28, 29 Prior work that did use adequate sample sizes shows comparable results with this study, namely that ICs are found more on the right-sided colorectum compared with the left, and the opposite is true for SD-CRCs. 8, 11, 31 The interaction between location and tumour stage as shown in Figure 3 is not always mentioned in prior works, though its importance is shown through differences in prognosis between right-and left-sided CRCs. 29 Furthermore, calculations show that FIT screening is much more effective for detecting left-sided CRC compared with right-sided CRC, but also for detecting CIS compared with invasive CRC. A limitation of this study is that a data delay is present which currently causes screening round 2 or greater data to not be up to date in the BCR. Normally a trend of increasing FIT IC would be observed in subsequent screening rounds because of a peak in detected CRCs at the start of a screening programme. 8, 32 Because the BCR has full coverage over the first years of the detected CRCs in the screening programme, all FIT ICs are included in the data for this period and used for calculations.
Conclusions
This study describes the occurrence of SD and non-SD-CRC in participants in the Flemish CRC screening programme. Additionally, this study describes CRC in FIT non-participants who did not respond to a FIT invitation or did not comply with the recommended colonoscopy after a positive FIT. These results are shown stratified by location and severity of tumour. More severe tumours were located in the right-sided colorectum compared with the left side, and more CRC was missed by FIT screening if located on the right side. This became evident because not being SD was clearly associated with sex, age, tumour location and stage. Future research should go in the direction of benchmarking ICs between different regions and countries, a practice not currently taking place. After comparing ICs between countries, consensus can be reached on what is an acceptable IC rate and what information concerning IC should be communicated to professionals, policy makers and participants. At this moment, however, communication concerning IC in a screening programme should be organised per country for professionals and participants.
